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Signaling Cell Fate in Plant Minireview
Meristems: Three Clubs
on One Tousle
cells in the central zone and cell displacement to the
periphery. But how are permanent stem cells maintained
in the meristem?
The CLAVATA Genes Restrict Stem Cell Number
The first insights into the underlying regulatory mecha-
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nisms came from studies of mutations that disrupt meri-Germany
stem organization. Loss-of-function mutations in the
CLAVATA1, 2 or 3 genes (CLV1, 2 and 3) of Arabidopsis
cause an accumulation of undifferentiated cells in the
Development of the aerial parts of higher plants depends center of shoot and floral meristems, resulting in a some-
on the activity of meristems, the formative regions that times massive size increase of the shoot meristem (ref-
are able to continuously initiate new organs at their erences can be found in Fletcher et al., 1999) (Figures
flanks. New meristematic cells are created from stem 1A and 1B). Since cell division rates were not altered in
cells that are positioned at the summit of the meristem. clv mutants (Laufs et al., 1998), these genes must act
Maintenance of a functional meristem requires a coordi- to restrict stem cell number in the meristem. The buildup
nation between stem cell divisions and loss of cells of stem cells in the central zone causes a concomitant
by differentiation. In plants, cell fate is determined by increase in size of the surrounding peripheral zone
positional cues, but not by lineage. How can cells in a where organs are initiated, resulting in the formation of
meristem interpret their position, decide their fate, and supernumerary, but otherwise normal, organs. In wild-
communicate it to others? Recent reports have shown type plants, only the shoot apical meristem is indetermi-
that keeping the correct number of stem cells is nate and maintains stem cells throughout the life of
achieved by negative feedback regulation of two path- the plant; floral meristems cease their activity after the
ways. The stem cell promoting pathway is controlled by formation of a discrete number of organs. The stem cells
the homeobox protein WUS, acting from cells in deeper are then consumed during the formation of carpels in
regions of the meristem to induce and maintain stem the center of the flower. However, floral meristems of
cells at the tip. A second pathway acts antagonistically clv mutants maintain more stem cells, and additional
and restricts the number of stem cells by repressing the carpels are made that fuse to form a club-shaped pod
activity of the WUS gene. This counteracting pathway or silique (latin clava 5 club). Genetic analysis using
depends on a signal that is secreted from the stem double mutants indicated that the CLV gene products
cells and perceived by a receptor-kinase complex. The act in the same pathway to restrict stem cell fate or
intertwined activities of both pathways allow mainte- division in the meristem. Clonal studies using an unsta-
nance of a group of permanent stem cells in the meri- ble clv3 allele caused by a transposon insertion revealed
stem throughout plant life. that CLV3 can act non–cell autonomously (Fletcher et
Organization of Meristems al., 1999). CLV3 mRNA is abundant in the stem cell
The shoot apical meristem is initiated during em- domain of shoot and floral meristems, whereas the RNA
bryogenesis and, after germination of the seed, it pro- of CLV1 is found mostly in an underlying domain of the
duces the stem, a succession of leaves and flowers. L3 layer (Fletcher et al., 1999; Clark et al., 1997). Detailed
The meristems of Arabidopsis are organized into an studies on the expression pattern of CLV2 have still to
outer tunica, consisting of two cell layers (L1 and L2), be performed, but the RNA can be detected in all shoot
and an inner corpus (L3), which all contribute to organ tissues of Arabidopsis (Jeong et al., 1999).
formation and growth (Figure 1A). Cell divisions within The CLV Signaling Complex
the L1 and L2 are perpendicular to the surface of the The cloning of all three CLV genes and the analysis
of their interactions in vitro, together with studies onmeristem (anticlinal), so that progeny cells will remain
transgenic plants, have now revealed how these genesin their layer of origin and establish a clone. The cells
can control the fate of stem cells in the meristem. Thewithin one clone can have diverse fates: e.g., a stem
CLV1 gene encodes a receptor-like kinase, carrying ancell in the L2 can produce daughter cells that eventually
extracellular domain composed of leucine-rich repeatsdifferentiate as subepidermal cells, or even as gametes.
(LRRs) and a predicted cytoplasmic domain that actsPlant stem cells are therefore not specific for certain
as a serine kinase (Clark et al., 1997) (Figure 2). Manycell lineages, but they serve as progenitors of the individ-
LRR-carrying receptor proteins have been implicated inual cell layers. Despite this early separation into distinct
signal transduction cascades in animals and plants. Thelayers, cells in the meristem act in a coordinated manner
BRASSINOSTEROID INSENSITIVE1 (BRI1) gene of Ara-to produce the plant body. Both leaves and flowers
bidopsis encodes an LRR receptor kinase that can beoriginate on the flanks of the meristem from the periph-
activated by the plant steroid hormone brassinolide.eral zone that surrounds the central zone, where the
Other LRR receptors or LRR receptor–like kinasesstem cells reside. Cell loss in the peripheral zone due
(RLKs) act as resistance genes and enable the plantto organ initiation is compensated by divisions of stem
to sense and respond to specific bacterial or fungal
pathogens. It seems likely that most of these receptors
bind their ligands (small molecules or proteins) via their* To whom correspondence should be addressed (e-mail: ruediger.
simon@uni-koeln.de). extracellular LRR domain, and elicit a cellular response
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Figure 1. Meristem Organization and Regulation of Stem Cell Number
(A) Sectional view of the layered structure of a wild-type shoot meristem. The boxed area encloses the central zone with CLV3 expressing
stem cells (red). (B) Close-up view of a wild-type shoot meristem. WUS expression (green) promotes stem cell fate in overlying cells. Expression
of CLV3 in stem cells activates a restrictive signal transduction pathway that represses WUS activity. (C) In clv mutants, the restrictive pathway
fails, and stem cells accumulate. (D) wus mutants are unable to maintain stem cells, and expression of the stem cell marker CLV3 is reduced.
via their cytoplasmic domains (for a review on plant binds and thereby activates a heterodimeric receptor,
consisting of CLV1 and CLV2 (Jeong et al., 1999). Insignaling pathways, see McCarty and Chory, 2000). Like
other plant RLKs, CLV1 autophosphorylates and inter- protein extracts from wild-type Arabidopsis meristems,
two protein complexes of 450 kDa and 185 kDa wereacts with KAPP, a type 2C protein phosphatase, through
its kinase domain (Stone et al., 1998; Trotochaud et al., isolated, containing 65% and 35%, respectively, of the
detectable CLV1 protein. The larger, more abundant 4501999) (Figure 2). The CLV2 gene encodes a receptor-
like protein with LRRs (RLP); however, its cytoplasmic kDa complex was not found in extracts from clv3 mutant
plants, indicating that it represents the active signalingtail is shorter and lacks a kinase domain (Jeong et al.,
1999). Both CLV1 and CLV2 carry paired cysteines that complex that is only assembled after ligand binding (Tro-
tochaud et al., 1999). What are the components of thisallow for dimerization through disulfide bridges. The
third CLV gene, CLV3, encodes a small protein that is complex? A combination of size fractionation and coim-
munoprecipitation experiments has shown that the 450likely to be secreted (Fletcher et al., 1999), and biochemi-
cal experiments showed that CLV3 acts as a ligand that kDa complex consists of CLV1, CLV3, KAPP, and ROP
(see below) (Trotochaud et al., 1999, 2000). KAPP and
CLV1 associate in vitro, and this association depends
on CLV1 kinase activity and phosphorylation of KAPP.
Since overexpression of KAPP mimics a clv1 mutant
phenotype, the protein phosphatase activity of KAPP
counteracts CLV signaling, probably by dephosphoryla-
tion of CLV1 and other downstream components (Stone
et al., 1998). However, KAPP can also interact with other
RLKs, and may function in a number of different signal-
ing pathways.
Many animal receptor kinases relay their signals via
small GTPases of the Ras superfamily. ROPs (Rho of
plants), small GTPases belonging to the Rho family, may
play a similar role to transduce a signal from the 450
kDa CLV complex to downstream targets. Several ROPs
that are expressed in the tips of pollen tubes are involved
in the formation of Ca21 gradients and the organization
of the actin cytoskeleton, but, although detectable in
the 450 kDa complex, the precise function of a ROP in
CLV signaling remains to be investigated (for a review
on Rhos, see Valster et al., 2000).
The CLV2 receptor–like protein is thought to be pres-
ent in the 450 kDa complex as a dimerization partner
for CLV1. It may be required for ligand binding, stabiliza-
Figure 2. The CLAVATA Signaling Complex tion of the complexes, or both. CLV1 protein accumula-
The leucine-rich repeat receptor kinase CLV1 forms a plasma mem- tion is more than 90% reduced in clv2 loss-of-function
brane heterodimeric receptor with CLV2 (left part), held together by mutants of Arabidopsis (Jeong et al., 1999), and the
disulfide bridges. Binding of CLV3 (and a helper protein?) induces residual CLV1 protein is found preferentially in a novel
the assembly of a high molecular weight signaling complex (right
600 kDa complex. It is possible that this complex is atpart), comprising also a phosphatase (KAPP) and a GTPase (ROP).
least partially functional, since all clv2 mutant allelesThe activated complex signals to the nucleus, possibly via MAP
kinases, and restricts WUS expression. are phenotypically weaker than clv1 or clv3 mutants,
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indicating that CLV2 is not absolutely required for CLV exhibit severe developmental defects: the shoot meri-
stem arrests after the formation of a few, disorderlysignaling. In the absence of CLV2, the CLV1 protein
could form homodimers or interact with other RLPs. arranged organs (german wuschel 5 tousle), and the
stem cells that are required for continuous meristemStudies on clv2 mutants revealed that CLV2 also acts
independently of CLV1 and CLV3 in regulating the devel- activity were lost (Figure 1D). Double mutant combina-
tions of wus and clv are almost indistinguishable fromopment of several floral organ types. Because CLV2
lacks a cytoplasmic signaling domain, it may need to the wus single mutant, consistent with the hypothesis
that WUS is a target for negative regulation by the CLVdimerize with another RLK, forming a heterodimeric re-
ceptor that is not activated by CLV3, but by a different genes (Laux et al., 1996; Schoof et al., 2000). WUS RNA
is found at early stages of embryo development in aligand. Association of receptor proteins with different
partners would allow alternative, but perhaps cell- or small group of cells directly beneath the stem cell zone,
and its expression persists in meristems throughout de-stage-specific, interpretations of a limited number of
signals during development. velopment (Mayer et al., 1998). Arabidopsis floral meri-
stems terminate activity when the central flower struc-New evidence for binding of the CLV3 ligand by a
heterodimeric CLV1/CLV2 receptor has come from stud- ture, the gynoecium, is formed, and WUS expression
is switched off at this stage, indicating that WUS isies in yeast (Trotochaud et al., 2000). After incubation
of CLV1/CLV2 expressing yeast cells with extracts from necessary to induce and maintain stem cells. Consistent
with this idea, stem cells accumulate, similar to clv mu-plant meristems that contained soluble CLV3 protein,
bound CLV3 was detected in the pelleted yeast cells. tants, in transgenic plants that express WUS ectopically
(Schoof et al., 2000). How can the WUS gene promoteHowever, a kinase-inactive mutant version of CLV1
failed to bind CLV3, indicating that the cytoplasmic ki- stem cell fate when it is not expressed in stem cells?
One possibility is that the WUS gene product itself, anase function of CLV1 is not only required for down-
stream signaling, but also for ligand interaction. It is homeobox protein, diffuses upward through plasmo-
desmata, the channels that establish a cytoplasmic con-possible that autophosphorylation of CLV1 results in a
conformational change of the extracellular LRR domain tinuity between plant cells and allow the trafficking of
viral proteins, and probably also transcription factorsthat allows CLV3 binding. The majority (about 75%) of
the CLV3 protein appears to be bound to the CLV1/ (Sessions et al., 2000, and references therein). Alterna-
tively, a downstream target that is induced by WUS mayCLV2 receptor complex in vivo, suggesting that all CLV3
that reaches CLV1 expressing cells will be bound by the act non–cell autonomously, and relay developmental
information to cells in the upper layers of meristems.CLV1/CLV2 receptor and activate it, and that availability
of the ligand CLV3 is rate-limiting for this signaling In clv mutant meristems, the WUS RNA expression
domain expands laterally and upward, and WUS remainsprocess.
25% of CLV3 protein is not receptor-bound, but asso- expressed in the gynoecium (Schoof et al., 2000). Fur-
thermore, WUS RNA is no longer detectable in trans-ciated with unknown factors in a 25 kDa complex (Troto-
chaud et al., 2000). The function of these small com- genic plants expressing high levels of CLV3 (Brand et
al., 2000). These observations suggest that negative reg-plexes is unclear: they could contain helper protein(s)
that mediate binding of CLV3 to its receptor, or seques- ulation of WUS by CLV acts at the level of transcription.
Not all members of the signal transduction pathway,ter CLV3 and later release it for signaling, depending on
the developmental state of the plant. With antibodies from the activated CLV-complex to WUS, have been
identified, but a signal relay from Rop via a MAPK path-directed against CLV3 available now, the composition
of the 25 kDa complex should be resolved soon. way is one possible mechanism.
Activity of the CLV signaling complex appears to beWUSCHEL Promotes Stem Cell Identity
The accumulation of stem cells in clv mutants indicated controlled by the amount of the available ligand, CLV3.
However, no effects were observed when extra copies ofthat CLV signaling acts to repress stem cell fate or divi-
sion in meristems. But what are the genes that initiate the CLV3 gene were introduced into Arabidopsis plants,
suggesting a compensation of the gene dosage (Brandstem cells or promote their maintenance? Since overex-
pression of CLV3 resulted in a premature loss of stem et al., 2000). Indeed, further studies revealed that in-
creasing CLV signaling causes a downregulation ofcells, the downstream targets of the CLV pathway
should include factors that promote stem cell fate in the CLV3 expression from its own promoter, indicating that
the CLV3 gene itself is an indirect target of CLV signaling.central zone. A genetic screen for modifiers of a weak
clv mutant isolated a recessive second site suppressor Furthermore, CLV3 RNA is induced when WUS is ectopi-
cally expressed, indicating that CLV3 expression is con-mutation in the POLTERGEIST (POL) locus (Yu et al.,
2000). POL appears to promote stem cell fate, since pol/ trolled by a negative feedback loop (Schoof et al., 2000).
The misexpression experiments also show that WUS isclv double mutants accumulate fewer cells in the center
of shoot and floral meristems than clv mutants. Interest- sufficient to specify stem cells and promote expression
of the stem cell marker CLV3.ingly, pol single mutants are nearly identical to wild-
type, suggesting that POL may act redundantly with Feedback Control of Stem Cell Fate
during Developmentother factors. How POL activity or function is repressed
by the CLV pathway can be analyzed once the gene is WUS expression is first detected at the 16-cell stage of
Arabidopsis embryos, long before a shoot meristem cancloned.
Another candidate target gene, WUSCHEL (WUS), en- be histologically distinguished (Mayer et al., 1998). Dur-
ing further development, WUS acts to specify overlyingcoding a homeodomain transcription factor, has been
analyzed in more detail (Laux et al., 1996; Mayer et al., cells as stem cells, which express CLV3, a secreted
ligand that binds and activates the CLV1/CLV2 receptor1998; Schoof et al., 2000). Loss-of-function wus mutants
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Laufs, P., Grandjean, O., Jonak, C., Kieu, K., and Traas, J. (1998).complex in deeper cell layers, resulting in a downregula-
Plant Cell 10, 1375–1390.tion of WUS expression. All clv mutants fail to repress
Laux, T., Mayer, K.F.X., Berger, J., and Ju¨rgens, G. (1996). Develop-WUS activity, and stem cells accumulate (Figures 1B
ment 122, 87–96.and 1C). By contrast, increasing the CLV3 signal by
Mayer, K.F.X., Schoof, H., Haecker, A., Lenhard, M., Ju¨rgens, G.,ectopic expression causes a repression of WUS-depen-
and Laux, T. (1998). Cell 95, 805–815.
dent stem cell promotion, and the size of the stem cell
McCarty, D.R., and Chory, J. (2000). Cell 103, 201–209.population is reduced. Similarly, loss-of-function muta-
Schoof, H., Lenhard, M., Haecker, A., Mayer, K.F.X., Ju¨rgens, G.,tions in wus result in a failure to maintain a normal stem
and Laux, T. (2000). Cell 100, 635–644.
cell population (Figure 1D). This feedback control of
Sessions, A., Yanofsky, M.F., and Weigel, D. (2000). Science 289,
stem cell fate allows plant meristems to maintain a deli- 779–781.
cate balance between stem cell proliferation and stem
Stone, J.M., Trotochaud, A.E., Walker, J.C., and Clark, S.E. (1998).
cell loss due to displacement of cells to the peripheral Plant Physiol. 117, 1217–1225.
zone where organs are formed. Meristem size and activ- Trotochaud, A.E., Hao, T., Wu, G., Yang, Z., and Clark, S.E. (1999).
ity can thus be continuously readjusted via the availabil- Plant Cell 11, 393–405.
ity of CLV3 to control WUS activity. Trotochaud, A.E., Jeong, S., and Clark, S.E. (2000). Science 289,
In addition to the CLV pathway, there are also other 613–617.
negative regulators of stem cell fate acting in floral meri- Valster, A.H., Hepler, P.K., and Chernoff, J. (2000). Trends Cell Biol.
10, 141–146.stems. While shoot meristems maintain an active stem
cell population throughout development, floral meri- Yanofsky, M.F., Ma, H., Bowman, J.L., Drews, G.N., Feldmann, K.A.,
and Meyerowitz, E.M. (1990). Nature 346, 35–39.stems terminate after production of the central floral
Yu, L.P., Simon, E.J., Trotochaud, A.E., and Clark, S.E. (2000). Devel-organs. However, when the homeotic gene AGAMOUS
opment 127, 1661–1670.(AG), encoding a MADS box transcription factor, is mu-
tated, floral meristems lose determinacy and keep ini-
tiating new organs, indicating that stem cells are still
maintained (Yanofsky et al., 1990). This indeterminacy
of ag mutant flowers depends on WUS activity, because
flowers of wus ag double mutants terminate prematurely
(Laux et al., 1996). Thus, termination of floral develop-
ment could depend on downregulation of WUS by AG.
Whether CLV and AG act independently or coordinately
to restrict WUS activity is not known.
Conclusions
We have now achieved a limited understanding of how
the fate of stem cells is controlled through the regulatory
interactions between WUS and the CLV genes. However,
several new questions are coming up now: how is WUS
expression switched on in a defined pattern during em-
bryogenesis, what is the nature of the stem cell promot-
ing signal that is controlled by WUS, and how can organ
primordia signal back to the meristem and affect the
size of the stem cell domain? The control of stem cell fate
discussed here has shown us that cells can continuously
sense their position and fate, and signal to their immedi-
ate neighbors via protein ligands and receptors. The
DNA sequencing of plant genomes has uncovered many
related receptor molecules, whose functions in meri-
stem development need still to be uncovered. Phytohor-
mones have been shown to control patterning of the
Arabidopsis embryo, and they could act as diffusible
long-range signals. It seems that we have only just be-
gun to unravel the network of communications between
cells in the shoot meristem.
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